stimulating factors (CSFs) [1] . Cytokines exert their We have reported two JAK-signaling modulators, biological effects through binding to cell surface re-CIS (cytokine-inducible SH2 protein) and JAB (JAK2 ceptors that are associated with one or more membinding protein), which are structurally related. Here bers of the JAK family of cytoplasmic tyrosine kiwe cloned three additional CIS family genes (CIS2, nases (JAKs). Cytokine-induced receptor dimeriza-CIS3, and CIS4) on the basis of an expression sequence tion leads to the activation of JAKs, rapid tyrosine tag (EST) database search. We also found at least two phosphorylation of the cytoplasmic domains and sub- STAT5 have also been reported [10] . We cloned a cyto-
a database search we found 5 additional member of viously [5, 6] . Plasmids of reporter genes (0.5 mg/transfection) with this family. Expression of these genes was induced by either vector alone or pcDNA3-Myc-CISs were introduced into 293 a subset of cytokines, of which one (CIS3) showed inhib-cells using the calcium-phosphate method. To yield similar levels of itory action against JAK signaling similar to JAB. CIS3 expression, different amounts of plasmids encoding CISs were used: CIS1 0.8 mg; CIS2 0.8 mg; CIS3 0.3 mg; CIS4 0.4 mg; JAB 0.03 mg per also bound to JAK2 tyrosine kinase domain. The distransfection for 10 cm dishes. In addition, 0.5 mg of plasmid pCH110 covery of the CIS family suggests the presence of a encoding the b-galactosidase gene under the control of the SV40 complicated regulatory system in the JAK signaling promoter were included in each transfection as an internal control. pathways, and an important regulatory role for CISs The EPO receptor and STAT5 cDNA was also included for EPOin the action of cytokines.
responsive CIS promoter assay. The DNA was adjusted to 10 mg with empty pcDNA3. After 48 h, the cells were stimulated with 10 ng/ml LIF (PeproTech), 10 U/ml EPO or 50 ng/ml basic FGF for 12 h.
MATERIALS AND METHODS
Cell extracts were prepared and luciferase activity was measured as described [12] . Cells. 293 cells were cultured in DMEM containing 10% calf se-M1 transformants and LIF-induced differentiation assay. M1 rum (CS). Mo7e, UT-7 (from Dr. Komatsu, Jichi Medical School) and transformants were obtained by electroporation with pcDNA3 car-F36E [16] were cultured in RPMI containing 10% fetal calf serum rying Myc tagged full length CISs and selection with 0.8 mg/ml G418. (FCS) in the presence of 1 ng/ml GM-CSF (for Mo7e and UT-7) or 1 Two to four independent clones were tested for LIF-induced differenunit/ml EPO (for F36E). M1 cells were cultured in DMEM containing tiation and growth arrest. Briefly, 1110 5 parental M1 cells and trans-10% horse serum.
formants expressing full length CISs were cultured in medium conTwo-hybrid analysis. To detect interaction of CIS family mem-taining 10% horse serum supplemented without, or with the indibers (CISs) with receptors and tyrosine kinases, L40 yeast strain cated amount of LIF for 5 days, then the viable cells were determined was transformed with pBTM116 carrying CISs cDNA and pGAD424 by trypan blue exclusion and counted in a hemocytometer. carrying indicated cDNAs and selected in medium lacking tryptoNucleotide accession number. The nucleotide sequence data rephan and leucine. Full length JAB, CIS1, CIS2, and CIS3 were cloned ported in this paper will appear in the DDBJ, EMBL and GenBank into pBTM116. Since the CIS4 N-terminal region itself expressed in nucleotide sequence databases with accession number AB006966 L40 induced b-galactosidase expression, N-terminal truncated CIS4 (human CIS2) and AB006967 (human CIS3), AB006968 (human (codon 331-535) was used for bait. To examine the interaction be-CIS4). tween c-kit and CISs, The tyrosine kinase domain of c-kit was cloned in pBTM116 [17] and CISs were cloned in pGAD424. The regions used for two-hybrid assay are as follows; the EPO receptor cyto-
RESULTS
plasmic domain (codon 313-483), the IL2 receptor beta chain (codon 322-551), tyrosine kinase domains for JAK2-JH1 (codon 839-1127), lck (codon 254-514), c-kit (E814V; [18] )(codon 544-975), the FGF re-
Cloning of Novel CIS Family Members
ceptor (codon 384-733) and PYK2 (codon 169 -1009). Transformants were restreaked on a paper filter and stained with in situ b-galactosiWe cloned two novel SH2 proteins, CIS and JAB dase assay.
which can potentially modulate cytokine signaling. These two proteins were structurally related, sugDatabase search and cloning of CIS related genes. The nucleotide and predicted amino acid sequences of mouse JAB and CIS cDNA gesting the presence of a novel family which is involved were compared to EST databases using the BLASTN algorithms [19] . in cytokine signaling. From a nucleotide sequence dataThe cDNA clones of the human CIS2 (accession number; AA033687 base search, we found five additional CIS family memand AA115239), CIS3 (AA018793), and CIS4 (N39810) were obtained bers, the full length cDNA of three of which was cloned. peats (gp:CELM60-7), and in the Ras-like GTPases Rar ( Fig.2A) . At an exponentially growing stage, CIS1-CIS4 and JAB were expressed in GM-CSF-dependent my-(gp:HSU05227) and its related gene (gpu:HSU237H1-1). The CH domain was also found in some genes in eloid leukemic cells (Mo7e, UT-7 and TF-1). Expression levels of CIS1, CIS2, CIS3 and CIS4 were high in fac-EST sequences, which contain WD domain [20] but not SH2 domain. Thus, CH domain may be a fundamental tor-independent chronic myelogenous leukemia (CMK) and human erythroleukemia (HEL) cell lines, but low structure which is involved in a wide variety of cellular functions including signal transduction.
in B cell lines, Raji and Daudi, monocytic leukemia cell line, U937 and myeloid cell line, HL60. JAB was relatively strongly expressed in B cell lines (Raji and
Expression of CIS Family Members and Induction
Daudi), as well as GM-CSF-dependent leukemia cell by Cytokines lines, Mo7e, UT-7, and TF-1, but weakly so in HEL, We examined expression of CIS family genes in vari-CMK, U937 and HL60 cells. The high level of expression of CISs in cytokine-dependent hematopoietic cells ous hematopoietic cell lines by Northern hybridization
FIG. 2. Expression of CISs mRNA in various cell lines (A) and induction by GM-CSF and EPO (B)
. In A, total RNA from indicated cell lines (5 mg/lane) at exponentially growing stage was hybridized with the human CISs probe or control G3PDH probe. Mo7e, UT7 and TF-1 cells were cultured in the presence of 1 ng/ml GM-CSF. In B, UT-7 and F36E cells were factor-depleted for 12 h and then stimulated with 5 ng/ml GM-CSF (for UT-7) or 10 unit/ml EPO (for F36E) for indicated periods.
suggests their role in cytokine signaling. CIS3 was exTo elucidate whether CISs are really cytokine-inducible genes, their expressions were examined in GMpressed in non-hematopoietic cells, hepatoma cell line, HepG2, and osteosarcoma cell line, HOS, while CIS1, CSF dependent UT-7 cells and EPO-dependent F36E cells. Cells were factor depleted for 12 h, then stimu-CIS2, CIS4 and JAB were not. lated with GM-CSF or EPO. As shown in Fig.2B , ex- 1-6, input) or the protein bound to the beads (lanes 7-12, bound) was resolved on 10% SDS-PAGE, which was then blotted and Transformants were restreaked on a filter paper and stained by in situ b-galactosidase assay.
analyzed with anti-Myc antibody.
FIG. 5.
Interaction between GST-JH1 and CISs in vivo. Empty vector (lanes 1), GST-JH1 in pcDNA3 alone (lanes 2,8) or pcDNA3-GST-JH1 plus pcDNA3 carrying Myc-epitope tagged CIS1 (lanes 3,9), CIS2 (lanes 4,10), CIS3 (lanes 5,11), CIS4 (lanes 6,12) or JAB (lanes 7,13) were transiently expressed in 293 cells, and total cell extracts (lanes 1-7; input) or proteins bound to GSH-Sepharose (lanes 8-13; bound) were resolved by SDS-PAGE, then immunoblotted with anti-phosphotyrosine (PY), anti-Myc, and anti-GST. Five mg pcDNA3-GST-JH1 and different amounts of plasmid carrying each CIS were used to yield similar levels of expression and described in Materials and Methods. pression of all CISs was induced within 1-2 hour by of the FGF receptor and PYK2. Interestingly, JAB bound to active c-kit tyrosine kinase domain, while GM-CSF in UT-7 cells and by EPO in F36E cells. Thus, like CIS1, other CISs including JAB seem to be cyto-CIS3 did not. In contrast, CIS3 bound to lck, while JAB did not. These findings indicate that JAB and CIS3 can kine-inducible genes. A published sequence of the 5 flanking region of the JAB gene [21] contains several directly interact with tyrosine kinases, however, they have some preferences. GAS motifs, suggesting that STATs are involved in induction of JAB message.
Binding of JAB and CIS3 with JAK2 JH1 in Vitro Interaction of CIS Family Members with JAK2 and and in Vivo Other Tyrosine Kinases in Yeast
To assess the binding of CISs to JAK2-JH1 domain in vitro, recombinant JAK2-JH1 domain fused to the Using two-hybrid system, we examined interaction of CISs with the EPO receptor cytoplasmic domain, IL2 glutathione-S transferase (GST) gene (GST-JH1) was produced in E.coli. Purified GST-JH1 was heavily tyroreceptor b chain cytoplasmic domain, full length lck, and tyrosine kinase domains of lck (lacking the C-ter-sine phosphorylated [5] . We also created GST-fusion protein of JH1 domains of JAK1, JAK3 and Tyk2, howminal negative-regulatory tyrosine residue), constitutively active c-kit (E814V), the FGF receptor, and PYK2 ever, they were not phosphorylated in E.coli (data not shown). Myc epitope tagged CISs were produced in 293 (Fig.3) . Although CIS1 binds to the tyrosine phosphorylated EPO receptor [11] , it did not interact with the cells and the cell extracts were incubated with GST-JH1 immobilized on GSH-Sepharose. To achieve simicytoplasmic domain of the EPO receptor in yeast. This suggests that tyrosine phosphorylation is essential for lar levels of expression for each CIS gene, the amount of plasmid DNA transfected into 293 cells was carefully the high affinity interaction between the receptor and CIS1. Other CISs also did not interact with the cyto-calculated ( Fig.4; input) . Since the expression level of JAB was always much higher than that of other CISs, plasmic domains of the EPO receptor or IL2 receptor b chain. While CIS1, CIS2 and CIS4 did not interact about 10 times less plasmid carrying JAB cDNA was used. As shown in Fig.4 , CIS3 and JAB but not CIS1, with any tyrosine kinases, JAB as well as CIS3 bound to JAK2-JH1. Interaction of JAK2-JH1 with JAB was CIS2 or CIS4 bound to recombinant GST-JH1, although the binding of CIS3 was much less than that much stronger than that with CIS3 in this assay (Fig.3) . CIS3 also bound to the tyrosine kinase domains of JAB (compare lanes 10 and 12).
To examine the binding in intact cells, GST-JH1 cloned in a mammalian expression vector was transiently expressed into 293 cells with or without CISs. GST-JH1 caused higher levels of tyrosine phosphorylation of GST-JH1 itself and cellular proteins than full length JAK2 did (data not shown). Consistent with our previous report using full length JAK2 [11] , phosphorylation of GST-JH1 and cellular proteins was blocked by co-expression of JAB but not by other CISs (Fig. 5,  anti-PY, lanes 7,13) , although the inhibition was dependent on the expression level of JAB. When GST-JH1 was precipitated with GSH-Sepharose, JAB and CIS3 were co-precipitated. Consistent with the twohybrid (Fig.3) and in vitro binding (Fig.4) assays, CIS3 was much less well precipitated with JH1 than JAB was, indicating that the interaction of CIS3 with JH1 was much weaker than that of JAB.
Inhibition of JAK Signaling Pathway by JAB and CIS3
To investigate the biological effect of CISs on JAK signaling, we examined EPO-mediated STAT5 activation by using CIS promoter-reporter gene [12] (Fig.6A) and LIF-mediated STAT3 activation by using a reporter gene construct containing IL6-and LIF-responsive APRE (acute phase responsive element) (Fig.6B) . Reporter gene constructs were transfected into 293 cells with or without Myc-epitope tagged CISs [13] . As reported previously [12] , CIS1 partially suppressed EPO-mediated STAT5 activation, while JAB and CIS3 almost completely blocked reporter gene activation. CIS2 and CIS4 rather enhanced the reporter gene activation.
LIF exerts its biological effect through activation of JAK1, JAK2 and TYK2, and consequent activation of STAT3. A marked increase in the luciferase activity was detected in response to LIF, however, co-expression of JAB and CIS3 almost completely suppressed (Fig.6B) . CIS1, were transfected with plasmid mixture containing 0.5 mg reporter CIS2 and CIS4 showed little effect on reporter gene gene carrying CIS promoter (A), APRE-promoter (B) or c-fos promoter (C), 0.5 mg b-galactosidase gene and pcDNA3-Myc tagged CISs activation. Since JAB and CIS3 bound to the FGF reat the amount indicated in Fig.5 by the calcium phosphate method ceptor in yeast (Fig.3) , we examined the effect of CISs for 12 h. In A, the EPO receptor and STAT5 cDNAs were also introon FGF-dependent c-fos promoter activation (Fig.6C) . duced. After transfection, cells were incubated in the presence (/) JAB and CIS3 did not inhibit FGF-induced c-fos pro-or absence (0) of 10 unit/ml EPO (A), 10 ng/ml LIF (B), or 50 ng/ml moter activation, suggesting that tyrosine kinase sig-basic FGF (b-FGF) for 12 h, and cell extracts were prepared. Luciferase activity from duplicate experiments was determined and normalnal-inhibition by JAB and CIS3 is specific to JAKs. in a system in which a long term biological response can be measured. LIF has shown to induce growth arrest and differentiation of M1 leukemia cells. Myc tagged CIS1, CIS2 CIS3 and JAB were stably ex-tant to LIF-mediated growth inhibition (Fig.7B) . Morphologically, cells expressing JAB or CIS3 were similar pressed in M1 cells (Fig.7A) . The expression level of JAB was a little higher than that of other CISs, which to untreated M1 cells, while LIF-treated parental M1 cells or transformants expressing CIS1 or CIS2 became is consistent with the results of the transient expression experiments in 293 cells. Transformants express-large and vacuolated (data not shown). These results indicate that not only JAB but also CIS3 inhibited the ing JAB and CIS3, but not CIS1 and CIS2 were resis- long term LIF-mediated JAK signaling pathway that [14] . SOCS-1 was cloned by its ability to inhibit the induces differentiation and growth arrest. Recent macrophage differentiation of M1 cells in response to studys suggest an essential role of STAT3 in differenti-IL6. SOCS-2 and SOCS-3 were cloned by database ation and growth arrest of M1 cells [22, 23] . STAT3 search. SOCS-2 is identical to CIS2, and SOCS-3 to tyrosine phosphorylation was partially blocked in CIS3, although the SOCS genes are of mouse origin transformants expressing CIS3 and JAB (Masuhara et while ours are human. The function of SOCS-2 and al., data not shown). Thus, inhibition of LIF-induced SOCS-3 was not analyzed, however, it was reported terminal differentiation of M1 cells by CIS3 and JAB that these two genes were induced by IL6 in liver, and maybe due to suppression of STAT3 activity.
by IFNg, EPO, GM-CSF, and IL3 in bone marrow cells. These findings are consistent with our observation that CISs were induced by GM-CSF and EPO in UT-7 and DISCUSSION F36E cells. We have reported that CIS1 participates in negative In this study we describe a family of novel proteins feedback regulation of JAK-STAT5 pathway by binding containing SH2 domain. The first member reported to the STAT5-binding region of the EPO receptor [11, was CIS1, which is cloned as an immediate early gene 12]. However, the effect of CIS1 on STAT5-inhibition induced by various cytokines. The second was JAB, is partial and CIS1 does not affect other cytokine sigcloned as a binding protein to the catalytic domain of naling such as IFNa and LIF, which do not utilize JAK2 by yeast two-hybrid system. A database search STAT5. Among other CISs we examined, overexextended the size of this gene family. Taking into conpression of JAB and CIS3 exhibited remarkable biologisideration that CIS1 was the first to be identified, excal activity. They directly interacted with JAK2 JH1 pression of CIS1,2,3,4 and JAB was induced by GMkinase domain and inhibited EPO-, and LIF-mediated CSF and EPO in certain cell lines, and all of the prosignaling. Direct inhibition of JAK kinases by JAB can teins contain SH2 domain, we propose that this family explain why JAB inhibits so many cytokine signals utiis called the CIS gene family. At present, the family lizing different receptors and STATs. CIS3 can also contains seven members, although the number will inhibit a wide range of cytokine signals, however, did probably increase in the near future, because we have not efficiently inhibit JAKs kinase reaction in 293 cells, already found several CH domain-containing EST sealthough it weakly bound to the kinase ( Fig.5 and Maquences. suhara et al., unpublished data). Despite of extensive Since the completion of this study, two other groups studies, we could not obtain any evidence suggesting have reported on JAB [14, 15] . One referred to it as the interaction between CIS3 and STATs or receptors. SOCS-1 (Suppresser of Cytokine Signaling-1) and also reported on related molecules, SOCS-2 and SOCS-3 Thus, the inhibition mechanism of cytokine signaling
